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(54) Methods and apparatus for tandem mass spectrometry 



(57) The invention provides methods and apparatus 
for tandem mass spectrometry (MS/MS) in which parent 
ions generated from a sample are passed through a 
mass filter (2) and are fragmented into daughter ions in 
fragmentation means (3), the daughter ions being 
passed through a discontinuous output mass analyser, 
such as a time-of-f light analyzer (16) or an ion storage 
device (29). The range of possible parent mass-to- 
charge ratios is split into a plurality of smaller ranges, 



and the mass filter (2) is set to pass ions of each smaller 
range in turn. A flag is set for each smaller range which 
produces daughter ions of interest, and the mass filter 
(2) is set to pass each mass-to-charge ratio of the 
flagged ranges so that the mass-to-charge ratios of the 
fragmented ions produced for each of the mass-to- 
charge ratios passed may be determined using the dis- 
continuous analyser (16,29). The flagged ranges may 
be themselves split into a plurality of still smaller ranges, 
which are correspondingly flagged. 
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Description 



[0001] This invention relates to methods of operating 
tandem mass spectrometers which comprise a final 
stage analyzer which is incapable of continuously trans- 
mitting an bn beam, for example a time-of-flight mass 
analyzer or an ion storage device such as a quadrupole 
ion trap, and apparatus for performing those methods. 
In particular, the invention provides improved methods 
analogous to the method of "parent ion scanning" con- 
ventionally used with tandem quadrupole-based mass 
spectrometers. 

[0002] Tandem mass spectrometry (MS/MS) is the 
name given to a group of mass spectrometry methods 
wherein parent ions generated from a sample are frag- 
mented to yield one or more daughter ions which are 
subsequently- mass analysed. The methods are useful 
for the analysis of complex mixtures, especially of bio- 
molecules, primarily because their specificity can elim- 
inate the need for chemical clean-up prior to mass spec- 
tral analysis. In an example of an MS/MS method, par- 
ent ions are generated from a sample and passed 
through a first mass filter to select those ions having a 
particular mass-to-charge ratio. These ions are then 
fragmented, typically by collisions with neutral gas mol- 
ecules in a suitable ion containment device, to yield 
daughter ions, the mass spectrum of which is recorded 
by a second mass analyzer. The daughter ion spectra 
so produced are indicative of the structure of the parent 
ion, and the two stages of mass filtering eliminates much 
of the "chemical noise" present in the conventional mass 
spectrum of a complex mixture. 
[0003] One variation on this basic method of MS/MS, 
known as parent ion scanning, is useful when it is not 
possible to identify parent ions in the direct mass spec- 
trum of a sample because of the presence of chemical 
noise. sjtuat jonMr^quently encountered in.f or ex- - 
ample, the electrospray mass spectra of biomolecules. 
In this method, generally carried out on triple quadrupole 
mass spectrometers, the second mass filter is set to 
transmit daughter ions having a mass-to-charge ratio 
known to be characteristic of the type of parent ion under 
investigation. The first mass filter, ahead of the fragmen- 
tation means, is then scanned while monitoring for the 
transmission of relevant daughter ions through the sec- 
ond mass filter. This determines the parent ion mass-to- 
charge ratios which yield the characteristic daughter 
ions. The complete daughter ion spectrum for each of 
these parent ion mass-to-charge ratios may then be de- 
termined by setting the first mass analyzer to transmit 
each parent ion mass-to-charge ratio in turn and scan- 
ning the second analyzer to record the complete daugh- 
ter ion spectrum for each parent ion. Application of such 
a method is described by Huang and Henion in Rapid 
Communications in Mass Spectrometry, 1990 vol 4(11) 
pp 467-471. ' 

[0004] The most common prior type of MS/MS instru- 
ment is the triple quadrupole (see, for example, Yost, 



Enke in Ch.8 of Tandem Mass Spectrometry, Ed McLaf- 
ferty, pub John Wiley and Sons, 1983). These consist 
of two quadrupole mass filters separated by a fragmen- 
tation means, (usually a quadrupole mass filter operated 
5 in the RF only mode as an ion containment device and 
containing a collision gas at a pressure of between 1 
and 1 0 millitorr) However, many other types of "hybrid- 
tandem mass spectrometers are also known, including 
various combinations of magnetic sector analyzers and 
io quadrupole filters. These hybrid instruments often com- 
prise high resolution magnetic sector analysers (ie, an- 
alyzers comprising both magnetic and electrostatic sec- 
tors arranged in a double-focusing combination) as ei- 
ther or both of the mass filters. Use of high resolution 
« mass filters is highly effective in reducing chemical noise 
to very low levels. 

[0005] Consequent upon advances in ionization tech- 
niques such as electrospray and laser desorption which 
have made it possible to generate molecular ions from 
20 samples having very high molecular weights, time-of- 
flight mass spectrometers have become a preferred 
method of mass analysis for many biomolecules at f em- 
tomole levels of concentrations. Time-of-flight analysers 
have virtually unlimited mass range and very high effi- 
2S ciency, particularly when used in conjunction with 
pulsed ionization sources such as a matrix assisted la- 
ser desorption ionization (MALDI) source. Time-of-flight 
mass analyzers determine the mass of all of the ions 
present in a pulse of ions generated by a pulsed source 
30 in a very short time (that of the flight time of the slowest 
ion), which results in their being able to record a com- 
plete spectrum virtually instantaneously (at least in com- 
parison with a scanning quadrupole or magnetic sector 
analyser). Various tandem time-of-flight mass spec- 
55 trometers are known. Instruments comprising two time- 
of-flight analyzers with a collision cell for fragmenting 
ions disposed between them are taught by US patent * 
5,202,563 : GB patent application 2,250,632, and by 
Cornish and Cotter in Symposium No 549, Ch 6 pp 
40 95-1 07, published by American Chemical Society. Also 
known are tandem mass spectrometers comprising a 
magnetic sector analyser and a timeof -flight analyser 
(see, eg, Bateman, Green et al, Rapid Communications 
in Mass Spectrometry, 1995 vol 9 pp 1227-33 Medzi- 
45 hradsky, Adams et al. J. Amer. Soc. Mass Spectrom. 
1996 vol 7 pp i-io, European patent application No 
551999, Strobel and Russell (Symp 549, ibid, ch 5 pp 
73-94), Jackson, Yates et al. Rapid Communications in 
Mass Spectrum. 1996 vol 10 pp 1668-1674, and 
^0 Strobel, Preston et al. Anal. Chem. 1992 vol 64 pp 
754-762. Quadrupole time-of-flight tandem mass spec 
trometers are also known (eg, Glish, Goeringer, Anal 
Chem. 1 984 vol 56 pp 2291 -95). 

[0006] Tandem mass spectrometers having a quad- 
55 rupole ion trap as the final analyzing stage are also 
known (see, for example, Jonscher and Yates in Anal 
Chem. 1 996 vol 68 pp 659-667, Cooks and Morand in 
Proc. 38th Ann. Confr. Am. Soc. Mass Spectrom Tus- 
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con, AZ, June 1990 pp 1460-1, Kofel, Reinhard and 
Schlunegger, ibid, pp 1462-63, and German Patent Ap- 
plication DE 4414403 (1994). Because the ion storage 
device used in these instruments can be used to cause 
fragmentation of the ions entering it as well as mass an- s 
alyzing them, these instruments need not incorporate a 
separate collision cell. The use of an ion storage device 
in place of a quadrupole mass filter as the second stage 
mass analyzer has certain advantages (for example, the 
ease of studying granddaughter ions in MS n experi- 
ments), but typically they exhibit lower sensitivity, dy- 
namic range and mass range than the conventional tri- 
ple quadrupole. However, none of the above publica- 
tions describe a method of operation analogous to the 
parent ion scanning mode used with triple quadrupole 
mass analyzers, for either a time-of -flight or an ion-trap 
instrument. 

[0007] In fact, it can be predicted that use of directly 
equivalent methods of parent ion scanning would result 
in very low sensitivity if used with a tandem mass spec- 
trometer having a time-of-flight or a quadrupole ion trap 
analyzer as the final stage. Although time-of-flight ana- 
lyzers are most suited to pulsed ionization sources, they 
can be used in conjunction with a continuous ionization 
source with high efficiency because they are capable of 
repetitively recording a complete spectrum almost in- 
stantaneously and with a high duty cycle in comparison 
with the time taken to scan such a spectrum with a quad- 
rupole or magnetic sector analyzer. However, they are 
inherently inefficient if used as a mass filter (that is, to 
continuously transmit ions having particular mass-to- 
charge ratios) because of the pulsed nature of their op- 
eration. Thus, very poor efficiency would result if such 
an instrument is used in the parent ion scanning mode 
to transmit likely daughter ions to a detector while the 
first mass analyzer is scanned to detect parent ions. For 
example, in such a mode, the time-of-flight analyzer 
may have a combined transmission efficiency and sam- 
pling duty cycle of about 2%, which may be compared 
to a figure of 50% for a quadrupole mass filter. Conse- 
quently, to achieve comparable performance in the par- 
ent ion scanning mode it would be necessary to acquire 
data for perhaps 25 times longer using a time-of-flight 
analyzer rather than a quadrupole analyzer. Similar con- 
siderations apply to the case of an ion storage device 
such as a quadrupole ion trap, which, like the time-of- 
flight analyzer can only transmit tons to a detector fol- 
lowing a significant period of ion storage. 
[0008] I n the following, the term "discontinuous output 
mass analyzer" is used to refer to mass analyzers which 
cannot produce a continuous flow of mass-selected ions 
for detection or admission to another analyzer, for ex- 
ample a time-of-flight analyzer or a quadrupole ion trap. 
[0009] It is an object of the invention, therefore, to pro- 
vide efficient methods of operating a tandem mass 
spectrometer which comprises a discontinuous output 
mass analyser as the final analyzer to record daughter 
ion spectra without the need to identify parent ions in a 



4 

mass spectrum of a sample. It is a further object to pro- 
vide apparatus for carrying out those methods. 
[0010] In accordance with these objectives the inven- 
tion provides a method of tandem mass spectroscopy 
comprising the steps of: 

a) ionizing a sample to generate a population of ions 
which comprises one or more parent ions; 

b) passing at least some ions comprised in said 
population of ions through a mass filter to select on- 
ly ions having mass-to-charge ratios in a first pre- 
determined range; 

c) admitting ions selected in step b) to fragmenta- 
tion means to produce daughter ions from any said 
parent ions so selected; 

d) using a discontinuous output mass analyzer, de- 
termining whether any daughter ions of interest 
have been produced by said fragmentation means, 
and flagging said first predetermined range it any 
said daughter ions of interest are detected; 

e) repeating steps b)-d) using different first prede- 
termined ranges until said mass filter has been set 
to transmit to said fragmentation means all the 
mass-to-charge ratios which it is thought said par- 
ent ions may possess; 

f) setting said mass filter to transmit to said frag- 
mentation means ions having mass-to-charge ra- 
tios in a second predetermined range which com- 
prises one or more of the mass-to-charge ratios 
comprised in one of said first predetermined ranges 
flagged in step d); 

g) determining the mass-to-charge ratios of ions 
leaving said fragmentation means using said dis- 
continuous output mass analyzer; 

h) repeating steps f) and g) using different second 
predetermined ranges until said mass filter has 
been set to transmit all ol the mass-to-charge ratios 
comprised in all of said first predetermined ranges 
flagged in step d). 

[001 1 ] Thus in one method according to the invention 
the daughter ion spectra of parent ions may be obtained 
without first identifying said parent ions in a mass spec- 
trum of a sample. 

[0012] In one preferred method, said discontinuous 
output mass analyzer may comprise a time-of-flight 
mass anatyzer. In another preferred method, said dis- 
continuous output mass analyzer may comprise an ion- 
storage device, for example a quadrupole ion trap. In 
the latter case, said fragmentation means may comprise 
the ion storage device itself, so that ions are admitted 
to the storage device in step c), where at least some of 
them may be fragmented to generate daughter ions by 
collision with gas molecules in the storage device. 
[0013] In a preferred method said second predeter- 
mined ranges comprise only a single mass-to-charge 
ratio so that in step g) the discontinuous output mass 
analyser determines the daughter ion spectrum of a sin- 
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gle parent ion. Consequently, once step h) has been 
completed, daughter ion spectra for every parent ion 
comprised in the flagged first predetermined ranges will 
have been acquired and unambiguously assigned to a 
particular parent ion. 

[0014] In another preferred method, said second pre- 
determined range comprises several nominal mass-to- 
charge ratios and the discontinuous output mass ana- 
lyzer is used in step g) to flag those second predeter- 
mined ranges which comprise ions which yield daughter 
ions of interest, as in step d) carried out in respect of 
ions comprised in the first predetermined ranges. To 
complete the process, the mass filter is then set in turn 
to transmit each nominal mass-to-charge ratio com- 
prised in the flagged second predetermined ranges to 
record a daughter ion spectrum which is unambiguously 
assigned to a particular parent" ion. 
[0015] It is also within the scope of the invention to 
use more than two sets of predetermined ranges, each 
subsequent set comprising a smaller number of mass- 
to-charge ratios, and flagging each time only those rang- 
es which result in the formation of daughter ions of in- 
terest. In the final set of experiments each predeter- 
mined range is narrowed to a single mass-to-charge ra- 
tio, as in the previous preferred methods. For most ap- 
plications, however, the use of only one or two prede- 
termined ranges is adequate. 

[0016] Various methods can be used to detect the 
presence of daughter ions of interest produced by the 
fragmentation means in step d). The discontinuous out- 
put mass analyzer may be used to identify the mass-to- 
charge ratios of all the ions emerging from the fragmen- 
tation means so that the first predetermined range may 
be flagged if any of the mass-to-charge ratios so deter- 
mined correspond to the mass-to-charge ratios of ex- 
pected daughter ions. Alternatively, daughter ions 
formed by the fragmentation of multiply charged parent 
ions can be detected from the presence of ions having 
mass-to-charge ratios higher than the mass-to-charge 
ratios of the parent ions comprised in the first predeter- 
mined range. If any such ions are present in the output 
of the discontinuous output mass analyzer, they must 
represent daughter ions which have a lower number of 
charges than the multiply charged ion from which they 
have been formed. This method is particularly appropri- 
ate when the parent ions are generated by the electro- 
spray ionization of high molecular weight species, which 
typically produces ions with a high number of charges. 
Methods according to the invention can also be used to 
generate neutral loss spectra, that is, a spectrum of all 
parent ions which produce daughter ions by the loss of 
the same characteristic neutral fragment. In this case, 
the first predetermined ranges may be flagged if daugh- 
ter ions are found at mass-to-charge ratios smaller than 
each of the mass-to-charge ratios of the parent ions 
comprised in the predetermined range by the mass of 
the characteristic neutral fragment. 
[001 7] Using the methods of the invention, therefore, 



complete daughter ion spectra can be produced for eve- 
ry parent ion without the need to produce a spectrum at 
every mass-to-charge ratio where a parent ion might ex- 
ist and without the inefficiency that would result if the 

5 discontinuous output mass analyzer was used to con- 
tinuously transmit ions while the mass filter was 
scanned. The number of daughter ion spectra which 
need to be acquired using the methods of the invention 
is much smaller than the number of possible parent ion 

to masses, as can be seen from the following examples. 

Example 1 

[0018] Parent ions in a sample are thought to have 
*5 mass-to-charge ratios between 300 and 2300. Using the 
first preferred method of the l invention, eachiirst prede-.. 
termined mass range may be chosen as 10 nominal 
mass-to-charge ratios, so that steps b)-d) are repeated 
200 times to cover the possible range of parent ion 
20 mass-to-charge ratios. Typically, 1 0 of these first prede- 
termined ranges may generate daughter ions of interest. 
Steps f) and g) are therefore repeated 100 times using 
second predetermined ranges of a single nominal mass- 
to-charge ratio in order to cover all the mass-to-charge 
2S ratios in the flagged first predetermined ranges. Thus a 
total of 300 daughter ion spectra are acquired, to be 
compared with 2,000 if a complete spectrum was re- 
corded at all the possible parent ion masses. 

30 Example 2 

[0019] Using the second preferred method of the in- 
vention with the same sample used for example 1 , the 
first predetermined ranges may be chosen to comprise 

55 25 mass-to-charge ratios, so that 80 daughter ion spec- 
tra need to be acquired in steps b)<l) to cover the range 
of 300-2300 mass units: Typically, ToTofthese may be 
flagged in step.d). The second predetermined ranges 
may then be chosen to comprise 5 mass-to-charge ra- 

40 tios, so that steps f ) and g) need to be repeated 50 times 
to cover the 1 0 flagged first predetermined ranges. Typ- 
ically, 10 of these second predetermined ranges will pro- 
duce daughter ions of interest. Finally, therefore, a fur- 
ther 50 daughter ion spectra need to be acquired to cov- 

45 er each nominal mass-to-charge ratio in the second pre- 
determined ranges which yield daughter ions. This 
method therefore requires only 80 + 50 + 50 = 180 
daughter ion scans to produce daughter ion spectra 
from every parent ion. 

50 [0020] Methods according to the invention using a dis- 
continuous output mass analyzer, and especially a time- 
of-flight mass analyzer as the final analyzer in a tandem 
mass spectrometer have several advantages over the 
prior method of parent ion scanning used in triple quad- 

55 rupole spectrometers. For example, methods according 
to the invention permit the surveying of several charac- 
teristic daughter ions in a single experiment and elimi- 
nate the need to guess which are the most likely daugh- 
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ter ions which is a requirement of the prior parent ion 
scanning method. Further, a time-of-flight mass analyz- 
er detects daughter ions which occur at higher mass-to- 
charge ratios than their parent ion, which indicates that 
the parent ion was multiply charged, as explained pre- 
viously. Also, the complete daughter ion spectra of all 
the candidate parent ions is immediately available, and 
it is not necessary to select candidate parent ions and 
to separately determine their daughter ion spectrum as 
with the prior parent ion scanning method. This is par- 
ticularly advantageous when several parent ions are to 
be investigated. Finally, neutral loss spectra can be ac- 
quired, as explained above, in the same series of exper- 
iments as conventional daughter ion spectra providing 
that suitable criteria are set for flagging the presence of 
daughter ions of interest in each of the first predeter- 
mined ranges. 

[0021] Viewed from another aspect the invention pro- 
vides a tandem mass spectrometer comprising means 
for ionizing a sample, a mass filter which receives ions 
from said means for ionizing, fragmentation means for 
producing daughter ions from parent ions exiting from 
said mass filter, a discontinuous output mass analyzer 
for mass analyzing ions produced by said fragmentation 
means and control means for setting said mass fitter to 
transmit ions having mass-to-charge ratios within a pre- 
determined range and for causing said discontinuous 
output mass spectrometer to produce a mass spectrum 
of the ions entering it, characterized in that said control 
means comprises: 

a) means for setting said mass filter to transmit ions 
which have mass-to-charge ratios in a first prede- 
termined range; 

b) means for determining from the output of said dis- 
continuous output mass analyzer whether any 
daughter ions of interest are comprised in the ions 
leaving said fragmentation means while step a) is 
being carried out, and for flagging said predeter- 
mined range if any are so detected; 

c) means for repeating steps a) and b) using differ- 
ent first predetermined ranges until said mass filter 
has been set to transmit all the mass-to-charge ra- 
tios which it is thought said parent ions may pos- 
sess; 

d) means for setting said mass filter to transmit ions 
which have mass-to-charge ratios in a second pre- 
determined range which comprises one or more of 
the mass-to-charge ratios comprised in any one of 
said first predetermined ranges flagged in step b); 

e) means for causing said discontinuous output 
mass analyzer to record the mass spectrum of ions 
leaving said fragmentation means while step d) is 
being carried out; 

f) means for repeating steps d) and e) using differ- 
ent said second predetermined ranges until said 
mass filter has been set to transmit all of the mass- 
to-charge ratios comprised in all of said first prede- 



termined ranges flagged in step b). 

[0022] In a first preferred embodiment, said discontin- 
uous output mass analyzer comprises a time-of-flight 
5 mass analyzer. However, in another preferred embodi- 
ment, said discontinuous output mass analyzer com- 
prises an ion-storage device, for example a quadrupole 
ion trap. 

[0023] In a first preferred embodiment of the appara- 
10 tus, said control means sets each of said second pre- 
determined ranges to a single mass-to-charge ratio so 
that the mass spectra acquired in each of steps e) is a 
daughter ion spectrum unambiguously assigned to a 
particular parent ion having that mass-to-charge ratio. 
f^Hh another preferred embodiment, however, the control 
means sets each of the second predetermined mass 
ranges to encompass several mass-to-charge ratios 
and flags those of the second predetermined ranges 
which yield daughter ions of interest in step e). The con- 
20 trol means then sets the mass filter to transmit in turn 
ions which have each of the mass-to-charge ratios com- 
prised in the flagged second predetermined ranges and 
causes said discontinuous mass analyzer to acquire the 
complete daughter ion spectrum for each of these mass- 
es to-charge ratios. 

[0024] Further preferably, the mass filter comprises a 
quadrupole mass filter and said fragmentation means 
comprises a collision cell containing a collision gas at a 
pressure of between 10- 3 and 1 torr. Typically, the colli- 
30 sion gas may comprise an inert gas such as argon or 
nitrogen, or a hydrocarbon gas such as methane. For 
maximum efficiency the collision cell may comprise a 
quadrupole or hexapole ion guide contained in a sub- 
stantially gas-tight enclosure. Further ion guides or elec- 
ts trostatic lenses may advantageously be employed to 
maximize ion transmission between various parts of the 
apparatus. 

[0025] Typically, the means for ionizing a sample will 
comprise an electrospray, API or MALDI (matrix assist- 

40 ed laser desorption) ionization source of conventional 
type. The control means may comprise a suitably pro- 
grammed computer which controls power supplies con- 
nected to electrodes comprised in apparatus according 
to the invention to provide the sequence ol voltages nec- 

45 essary for the methods to be carried out. Preferably also 
the control means incorporates means for storing mass 
spectra generated by the discontinuous output mass an- 
alyzer and for displaying them when required by an op- 
erator. 

so [0026] Preferred embodiments of the present inven- 
tion will now be described in greater detail, by way of 
example only, with reference to the accompanying 
drawings, in which: 

55 Figure 1 is a schematic drawing of apparatus ac- 
cording to the invention suitable for carrying out the 
methods of the invention and in which the discon- 
tinuous output mass analyzer comprises a time-of- 
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flight mass analyzer; 

Figure 2 is a schematic drawing of apparatus ac- 
cording to the invention suitable for carrying out the 
methods of the invention and in which the discon- 
tinuous output mass analyzer comprises an ion 
storage device; 

Figure 3 is a flow diagram representing a first meth- 
od according to the invention; and 
Figure 4 is a flow diagram representing a second 
method according to the invention. 

[0027] Referring first to Figure 1 , a preferred embod- 
iment of the apparatus for carrying out the invention 
comprises an ionization source 1 , a mass filter 2, frag- 
mentation means 3 and a time-of -flight mass analyzer 
generally indicated by 16. The methods of the invention 
- are most useful for the analysis of mixtures of bbmdle-" 
cules so that a preferred ionization source 1 is an elec- 
trospray ionization source comprising an electrospray 
needle 4 and the counter electrode 5. A power supply 
20 maintains a potential difference of 1-5 kV between 
the needle 4 and the counter electrode 5 to cause elec- 
trospray ionization of the sample solution. Ions gener- 
ated in the electrospray, which is carried out at atmos- 
pheric pressure or thereabouts, pass through an aper- 
ture in the counter electrode 5 into a first evacuated 
chamber 6 which is maintained at a pressure of between 
1 and 10 torr by a vacuum pump (not shown), and then 
into a second evacuated chamber 7, maintained at a 
pressure of between 10~ 3 and 10" 2 torr by another vac- 
uum pump (not shown). A hexapole ion guide 8 is dis- 
posed in the chamber 7 to improve ion transmission ef- 
ficiency. 

[0028] A quadrupole mass filter 2 is disposed in a third 
evacuated chamber 9 which is maintained at a pressure 
less than 10" 5 torr. The electrodes comprising the mass 
filter 2 are connected-to a power supply 21 which gen- 
erates both RF and DC potentials which determine both 
the actual value and the range of mass-to-charge values 
that are transmitted by it. A fragmentation means 3, dis- 
posed to receive ions which are transmitted by the mass 
filter 2, comprises a second hexapole ion guide 10 en- 
closed by a substantially gas-tight casing 11 into which 
a collision gas such as helium, argon, nitrogen or meth- 
ane may be introduced at a pressure of between 1 0~ 3 
and 10" 1 torr. Suitable RF potentials for the electrodes 
comprising the hexapole ion guide 10 are provided by 
a power supply 22. 

[0029] Ions exiting from the fragmentation means 3 
are converged via a third hexapole ion guide 1 2 and an 
electrostatic lens assembly 27 into an "ion pusher" 13 
of a time-of-flight mass analyzer generally indicated by 
16. The ion pusher 13 comprises a series of electrodes 
to which suitable voltages are applied in sequence to 
cause a packet of ions to be ejected from the ion beam 
14 and travel through the drift region 15 of the time-of- 
flight analyzer 1 6 to an ion mirror 1 7 and then to an ion 
detector 1 8 following a trajectory exemplified by path 26. 



The pressure in the drift region 15 is maintained at 1 Cr 7 
torr or better by another vacuum pump (not shown). 
Means are provided for measuring the transit time of the 
ions comprised in the packet so that their mass-to- 
5 charge ratios can be determined. The ion pusher 1 3, ion 
mirror 17 and detector 18 are parts of a conventional 
"reflectrdh B type of time^bf-f light mass spectrometer with 
orthogonal acceleration, and need not be described in 
detail. 

io [0030] A control means 1 9 provides control signals for 
power supplies 20-23 which respectively provide the 
necessary operating potentials for the electrospray ion 
source 1, quadrupole mass filter 2, fragmentation 
means 3 and the time-of-flight mass analyzer 1 6. These 

is control signals determine the operating parameters of 
the instrument, lor example the mass-to-charge ratios 
transmitted through the' mass filter 2 and the operation 
of the analyzer 16. The control means 19 is itself con- 
trolled by signals from a computer 24 which is also used 

20 to process mass spectral data acquired from a signal 
conditioner 25 which receives signals from the detector 
18. The conditioner 25 also enables the computer 24 to 
display and store mass spectra produced from the an- 
alyzer 16 and to receive and process commands from 

25 an operator for setting up the methods described below. 
[0031 ] Figure 2 shows another preferred embodiment 
of the invention wherein the discontinuous output mass 
analyzer comprises a quadrupole ion trap 29 disposed 
to receive ions entering from the mass filter 2. An ion 

30 detector 30 is provided to detect ions ejected from the 
trap after mass selection. A controller 28, itself control- 
led by the control means 19, provides the necessary 
supply potentials for the trap 29. In this embodiment, the 
fragmentation means is incorporated in the trap 29 

35 which contains a bath gas at a pressure sufficiently high 
to cause fragmentation of ions in the trap when suitable 

—excitation signals=are-applied to thenrap^electrodes^bvr 
the controller 28, as in a stand-alone ion trap used for 
MS/MS experiments. Thus, when the apparatus of fig- 

40 ure 2 is used for a method according to the invention, 
ions comprised in each predetermined range of mass- 
to-charge ratios transmitted in turn by the mass filter 2 
are temporarily stored in the trap. The ion beam exiting 
from the mass filter 2 is then gated off by means of suit- 
es able potentials applied to a set of focusing-gating elec- 
trodes 31. Suitable excitation signals may then be ap- 
plied to the electrodes of trap 29 so that at least some 
of the ions stored in it are caused to fragment, and the 
daughter ions so generated may then be sequentially 

50 ejected to reach the detector 30, again using conven- 
tional methods of operating the trap 29. The mass filter 
2 may then be set to transmit the next predetermined 
range of mass-to-charge ratios, and the potentials ap- 
plied to the focusing-gating electrodes 31 adjusted to 

55 allow the ions to enter the trap 29. The fragmentation 
and daughter ion ejection steps are then repeated. Sig- 
nals from the detector 30 are processed by the signal 
conditioner 25 in a similar manner to that described pre- 
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viously for the time-of-flight analyzer. 
[0032] Referring next to figure 3, an operator may first 
decide on the range of mass-to-charge ratios into which 
candidate parent ions are likely to fall and divide this 
range into a number of first predetermined ranges, en- s 
tering these details into the computer 24. For example, 
if it is thought that parent ions are likely to occur in the 
range of mass-to-charge ratios from 300 to 2300 : an op- 
erator may choose 200 first predetermined ranges, each 
covering ten mass units. The extent of each of these 10 
predetermined ranges is chosen bearing in mind the re- 
quirement that the mass filter 2 must be capable of 
transmitting simultaneously (and with reasonably con- 
stant efficiency) all the mass-to-charge ratios comprised 
in each one. The maximum usable range may therefore 75 
be limited, particularly if the mass filter 2 is a magnetic 
sector analyzer. In cases where the number of fragment- 
ed ions is expected to be large, an operator may also 
enter details of the daughter ions of interest so that only 
those first predetermined ranges which generate those 20 
daughter ions are flagged. Foi example, if a parent ion 
scan is to be produced, the mass-to-charge ratios of the 
expected daughter ions may be specified to limit the 
flagged ranges to those which generate the relevant 
daughter ions. If a neutral loss scan is to be produced, 25 
the computer 24 may be programmed to flag only those 
predetermined ranges which generate ions having 
mass-to-charge ratios smaller than the parent ion mass- 
to-charge ratios by the mass ol the expected neutral 
fragment. A sample is then introduced into the ionization 30 
source 1 , and the computer 24 adjusts the mass filter 2 
(via the control means 19 and the power supply 21) to 
transmit simultaneously all of the mass-to-charge ratios 
comprised in the first one of the first predetermined 
ranges. Ions having mass-to-charge ratios in this range 35 
enter the fragmentation means 3 where they may un- 
dergo fragmentation. Any daughter ions produced in the 
fragmentation means 3 enter the ion pusher 13 of the 
time-of-flight analyzer 16 and their mass spectrum may 
be recorded (via the signal conditioner 25) by the com- 40 
puter 24. If the operator has previously specified the na- 
ture of the expected daughter ions, the recorded mass 
spectrum may then be examined by the computer 24 to 
determine whether any of these daughter ions are 
present, and if any are found, the range which generated 45 
the spectrum is flagged to indicate their presence. Al- 
ternatively, in the case of daughter ions having fewer 
charges than their multiply-charged parent ions (such 
as are frequently encountered in the electrospray mass 
spectroscopy of high molecular weight samples), the 50 
time-of-flight analyzer 16 may be used merely to sum 
the intensities of the ions having mass-to-charge ratios 
greater than the highest mass-to-charge ratio in the pre- 
determined range. If this sum is significantly greater 
than zero then the presence of daughter ions having a 55 
mass-to-charge ratio greater than that of the parent ion 
of highest mass-to-charge ratio present in the predeter- 
mined range, is indicated and the range is flagged ac- 
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cordingly. The computer 24 then repeats this process 
for the remaining first predetermined ranges and flags 
any ranges found to generate likely daughter ions. 
[0033] In the event that the mass-to-charge ratios of 
likely daughter ions are unknown, and no daughter ions 
with mass-to-charge ratios higher than those of the par- 
ent ions are either expected or found, the computer 24 
may carry out the above process without flagging the 
spectra, storing each mass spectrum as it is acquired. 
The operator may then review the stored spectra man- 
ually flagging any ranges whose spectrum is thought to 
contain likely daughter ions. 

[0034] Once the ranges which generate likely daugh- 
ter ions have been flagged, the computer 24 sets the 
mass filter 2 to transmit in turn a second predetermined 
range (in this case a single nominal mass-to-charge ra- 
tio) 1rom the set of mass-to-charge ratios comprised in 
all of the flagged first predetermined ranges, and causes 
the analyzer 16 to record a mass spectrum for each of 
these mass-to-charge ratios. In this way daughter ion 
spectra are produced and unambiguously assigned to 
their parent ions without the need for acquiring and stor- 
ing spectra at every mass-to-charge ratio in the original- 
ly chosen range and without the need to recognize the 
parent ions in the mass spectrum of the sample. If the 
operator chooses to review the spectra from the first pre- 
determined ranges, it is not even necessary to guess 
the likely daughter ion masses which would be essential 
using the prior parent ion scanning method with a triple 
quadrupole tandem mass spectrometer. 
[0035] A further reduction in the total number of spec- 
tra which have to be recorded may be achieved by using 
the method illustrated in figure 4. The first part of this 
method is substantially the same as the figure 3 method, 
except that for maximum advantage the first predeter- 
mined ranges may comprise a greater range of mass- 
to-charge ratios than would typically be chosen for the 
figure 3 method. (For example, 25 instead of 1 0). In con- 
trast to the figure 3 method, however, the second pre- 
determined mass ranges are chosen to comprise more 
than one mass-to-charge ratio, for example, five mass- 
to-charge ratios. Finally, when the spectra of the second 
predetermined ranges have been recorded and their 
corresponding ranges flagged if they generate likely 
daughter ions, the mass filter 2 is set to transmit each 
of the mass-to-charge ratios comprised in the flagged 
second predetermined ranges and the complete daugh- 
ter ion spectra recorded and unambiguously assigned 
to their parent ions. 



Claims 

1 . A method of tandem mass spectroscopy comprising 
the steps of: 

a) ionizing a sample to generate a population 
of ions which comprises one or more parent 
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ions; 

b) passing at least some ions comprised in said 
population of ions through a mass filter to select 
only ions having mass-to-charge ratios in a first 
predetermined range; s 

c) admitting ions selected in step b) to f ragmen- 
station means to produce daughter ions from 

any said parent ions so selected; 

d) using a discontinuous output mass analyzer, 
determining whether any daughter ions of inter- io 
est have been produced by said fragmentation 
means, and flagging said first predetermined 
range if any said daughter ions of interest are 
detected; 

e) repeating steps b)-d) using different first pre- is 
determined ranges until said mass filter has 

-been set -to transmit to said fragmentation 
means all the mass-to-charge ratios which it is 
thought said parent ions may possess; 

f ) setting said mass filter to transmit to said frag- 20 
mentation means ions having mass-to-charge 
ratios in a second predetermined range which 
comprises one or more of the mass-to-charge 
ratios comprised in one of said first predeter- 
mined ranges flagged in step d); 2s 

g) determining the mass-to-charge ratios of 
ions leaving said fragmentation means using 
said discontinuous output mass analyzer; 

h) repeating steps f ) and g) using different sec- 
ond predetermined ranges until said mass filter 30 
has been set to transmit all of the mass-to- 
charge ratios comprised in all of said first pre- 
determined ranges flagged in step d). 



A method as claimed in claim 1 wherein said dis- 
continuous output mass analyzer comprises a time- 
. of-fliqht mass analyzer 



35 



3. A method as claimed in claim 1 wherein said dis- 
continuous output mass analyzer comprises an ion 40 
storage device. 



ranges to record a daughter ion spectrum which 
is unambiguously related to a particular parent 
ion. 

6. A method as claimed in any of claims 1-3 wherein 
more than two sets of predetermined ranges are 
used, each subsequent set comprising a smaller 
number of mass-to-charge ratios than the preced- 
ing set, and wherein only those of each set of pre- 
determined ranges which result in the formation of 
daughter ions of interest are flagged, and wherein 
each predetermined range comprised in the final 
set comprises only a single mass-to-char.ge ratio. 

7. A method as claimed in any previous claim wherein 
a spectrum comprising parent ions which fragment 
to give a particular daughter ion is constructed from 
the data so acquired. 

8. A method as claimed in any of claims 1-6 wherein 
a spectrum comprising parent ions which fragment 
by the loss of a particular neutral fragment to give 
daughter ions is constructed from the data so ac- 
quired. 

9. A method as claimed in any of claims 1-6 wherein 
at least two of the following types of MS/MS spectra 
are constructed from the data so acquired in a sin- 
gle experiment:- 



a) the partial or complete daughter ion spectra 
of one or more particular parent ions: 

b) spectra which comprise the parent ions 
which fragment to give a particular daughter 
ion; or 

c) spectra which comprise the parent ions 
^which-fragmenrbytheidssxif anpafticuIaTWiJ-^ 

tral fragment to give daughter ions. 



4. 



5. 



A method as claimed in any previous claim wherein 
said second predetermined ranges each comprise 
only a single nominal mass-to-charge ratio. 

A method as claimed in any of claims 1-3 wherein: 



45 



a) said second predetermined ranges each 
comprise several nominal mass to charge ra- so 
tios; and 

b) said discontinuous output mass analyzer is 
used to flag those of said second predeter- 
mined ranges which result in daughter ions of 
interest; and 55 

c) said mass filter is set in turn to transmit each 
nominal mass-to-charge ratio comprised in 
each of said flagged second predetermined 



10. A tandem mass spectrometer comprising means for 
ionizing a sample, a mass filter which receives ions 
from said means for ionizing, fragmentation means 
for producing daughter ions from parent ions exiting 
from said mass filter, a discontinuous output mass 
analyzer for mass analyzing ions produced by said 
fragmentation means and control means for setting 
said mass filter to transmit ions having mass-to- 
charge ratios within a predetermined range and for 
causing said discontinuous output mass spectrom- 
eter to produce a mass spectrum of the ions enter- 
ing it, characterized in that said control means com- 
prises: 

a) means for setting said mass filter to transmit 
ions which have mass-to-charge ratios in a first 
predetermined range; 

b) means for determining from the output of 
said discontinuous mass analyzer whether any 
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daughter ions of interest are comprised in the 
ions leaving said fragmentation means while 
step a) is being carried out, and for flagging said 
predetermined range if any are so detected; 

c) means for repeating steps a) and b) using 
different first predetermined ranges until said 
mass filter has been set to transmit all the 
mass-to-charge ratios which it is thought said 
parent ions may possess; 

d) means for setting said mass fitter to transmit 
ions which have mass-to-charge ratios in a sec- 
ond predetermined range which comprises one 
or more of the mass-to-charge ratios comprised 
in any one of said first predetermined ranges 
flagged in step b); 

e) means for causing said discontinuous output 
mass analyzer to record the mass spectrum of 
ions leaving said fragmentation means while 
step d) is being carried out; 

f ) means for repeating steps d) and e) using dif- 
ferent said second predetermined ranges until 
said mass filter has been set to transmit all of 
the mass-to-charge ratios comprised in all of 
said first predetermined ranges flagged in step 
b). 

11. A tandem mass spectrometer as claimed in claim 
10 wherein said discontinuous output mass analyz- 
er comprises a time-of-flight mass analyzer. 

12. A tandem mass spectrometer as claimed in claim 
10 wherein said discontinuous output mass analyz- 
er comprises an ion storage device. 

13. A tandem mass spectrometer as claimed in claim 
12 wherein said ion storage device is a quadrupole 
ion trap. 

14. A tandem mass spectrometer as claimed in any of 
claims 10-13 wherein said control means sets each 
of said second predetermined ranges to a single 
nominal mass-to-charge ratio. 

15. A tandem mass spectrometer as claimed in any of 
claims 10-13 wherein said control means: 

a) sets each of said second predetermined 
ranges to encompass several mass-to-charge 
ratios and flags those of said second predeter- 
mined ranges which yield daughter ions of in- 
terest; and 

b) subsequently sets said mass filter to transmit 
in turn ions which have each of the mass-to- 
charge ratios comprised in said flagged second 
predetermined ranges; and 

c) causes said discontinuous output mass an- 
alyzer to acquire the daughter ion spectrum for 
each of those mass-to-charge ratios. 
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16. A tandem mass spectrometer as claimed in any of 
claims 10-15 wherein said mass filter comprises a 
quadrupole mass filter. 

s 17. A tandem mass spectrometer as claimed in any of 
claims 10-16 wherein said fragmentation means us- 
es a collision gas at a pressure of between 1 0' 3 and 
1 torn 

io 18. A tandem mass spectrometer as claimed in claim 
17 wherein said fragmentation means comprises a 
multipole ion guide. 

19. A tandem mass spectrometer as claimed in any of 
15 claims 10-18 wherein said means for ionizing a 

sample comprises an eiectrospray ion source. 

20. A tandem mass spectrometer as claimed in any of 
claims 10-18 wherein said means for ionizing a 

20 sample comprises an atmospheric pressure ioniza- 
tion source. 

21. A tandem mass spectrometer as claimed in any of 
claims 10-18 wherein said means for ionizing a 

25 sample comprises a matrix assisted laser desorp- 
tion ion source. 

22. A method of tandem mass spectrometry in which 
parent ions generated from a sample are passed 

30 through a mass filter and are fragmented into 
daughter ions and passed through a discontinuous 
output mass analyser, the method comprising the 
steps of: 

35 a) splitting a range of mass-to-charge ratios 

which it is though that parent ions of interest 
may possess into a plurality of smaller ranges, 

b) setting said mass filter to pass ions of each 
said smaller range in turn, and flagging the 

40 smaller ranges for which it is determined using 

said discontinuous output mass analyser that 
daughter ions of interest are produced; and 

c) setting said mass filter to pass each mass- 
to-charge ratio of said flagged ranges, and de- 

45 termining through said discontinuous output 

mass analyser the mass-to-charge ratios of 
fragmented ions produced for each of said 
mass-to-charge ratios passed. 

50 23. The method of claim 22, wherein said step b) is re- 
peated one or more times, each subsequent time 
splitting the flagged ranges from the previous split 
into smaller ranges and flagging those of the small- 
er ranges which produce said daughter ions of in- 

55 terest, said step c) being carried out in respect of 
the flagged ranges from the final split. 

24. A tandem mass spectrometer comprising means for 
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generating parent ions from a sample, a mass fitter 
for receiving said parent ions, fragmentation means 
for producing daughter ions from parent ions 
passed through said mass filter, a discontinuous 
output mass analyzer for analyzing ions produced 5 
by said fragmentation means, and control means 
for controlling the operation of-said mass filter and 
mass analyser; 

wherein said control means sets said mass fil- io 
ter to pass ions in a plurality of mass-to-charge 
ratio ranges in turn, and flags the ranges for 
which it is determined using said discontinuous 
output mass analyser that daughter ions of in- 
terest are produced, said ranges covering the is 
range of mass-to-charge ratios which it is 
though that parent ions- of interest may pos- 
sess; and 

wherein said control means further sets said 
mass filter to pass each mass-to-charge ratio 20 
of said flagged ranges, and determines through 
said discontinuous output mass analyser the 
mass-to-charge ratios of fragmented ions pro- 
duced for each of said mass-to-charge ratios 
passed. 2S 

25. The apparatus of claim 24, wherein said control 
means repeats, one or more times, both the setting 
of the mass filter to pass a plurality of ranges in turn 
and the flagging of the ranges which produce 30 
daughter ions of interest, the control means in each 
subsequent repeat splitting the flagged ranges from 
the previous split into smaller ranges and flagging 
those of the smaller ranges which produce daughter 
ions of interest, said setting of said mass filter to 35 
pass each mass-to-charge ratio of said flagged 
ranges being^carried = out.in = respect of4he flagged 
ranges from the final split. 



45 
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